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Abstract:

The potential energy surfaces of the three lowest electronic triplet states of CO, which lead to
O(CP)+CO('T"), *A’, 1°A’, and 2°A”", have been computed at the complete-active-space-self-
consistent-field plus second-order perturbation theory (CASSCF-MP2) level with a modest G631+d
basis. Potential énergy surfaces are fit with a global functional form. The *A’ state has a well 0.9 eV
deep and the 1°A”" state has a 0.2 eV well with respect to the O(P)+CO('T") dissociation threshold.
The *A’ and 1°A”’ states are both bent at their minima and have a barrier at 0.2 eV and 0.3 eV above
threshold, respectively. The 2°A”” state is mostly repulsive, and has a saddle at C,, geometries. We
have run classical trajectory calculations for OCP)+CO('T") collisions using these surfaces. Results
agree well with available vibrational relaxation and oxygen atom exchange measurements except
at low temperature. Comparisons are aﬂso made with measured vibrational excitation cross sections
and infrared emission spectra of the nascent CO products at 3.4 eV collision energy. These results
show a high degree of vibrational and rotational excitation with a nearly statistical population which
is evident in a distinct spectral “band-head” signature. Analysis of the trajectories show that almost
all collisions which lead to oxygen atom exchange and/or vibrational energy transfer occur when
the OCP) approaches the CO at OCO angles between 80° and 140°, passes over the barrier and
through the wells of the >A’ and 1°A”” states, and interacts with the repulsive wall of the carbon end

of the CO nearly perpendicular to the CO bond.




L. INTRODUCTION

Collisions of OCP) with CO('Z") have been measured by several authors in the context of
vibrational relaxation of CO."? This process is a potentially important loss mechanism in the kinetics
of the CO chemical laser, where the reaction O + C@ produces vibrationally hot CO.> The
vibrational relaxation of CO('Z") and other closed shell systems by OCP) is extremely efficient, and
is faster by several orders of magnitude than standard theories of translational to vibrational energy
transfer (which assume only repulsive interactions) predict.* From symmetry considerations, there |
are only three electronic states of CO,, all triplets, which lead to OC’P) + CO('Z*) and which play
arole in this chemistry: a single A’ state and two *A”* states. The nearby singlet states, which can
only participate through weak spin-orbit interactions, lead to O('D) and CO('T"), about two eV
above O(’P)+CO('Z"). One of these five singlet states leads to the 'z, ground state of CO, about 5.5
eV below the OCP) + CO('T") threshold, but the remainder are relatively high in energy and give

rise to some of the complex CO, UV photoabsorption spectrum starting at about 1 eV above the

OCP)+CO('E") threshold.’

Experimental evidence of the three low-lying triplet states of CO, , which are spin-forbidden
from the singlet ground state, is sparse. Isotopic exchange studies using O'*+CO'" indicate a small
barrier of about 0.25 eV.*” Chemiluminescent recombination experiments with O+CO also suggest
a low barrier.’ Rebalais et al.’ has tentatively assigned one of the flame bands of CO seen by Dixon'"
to one of these triplet states. More recently, Upschulte and Caledonia'' have measured the cross
section for vibrational excitation of CO('Z) by fast OC’P) at a collision energy of 3.4 eV (8 km/s)
by monitoring the infrared radiation of the relaxing CO. Although rotational structure of the product
CO was not resolved, their results show a high degree of CO vibrational excitation. There have been
several ab-initio calculations of the triplet states aimed at understanding the complex CO, excitation
spectrum and have mainly been done at the single geometry of the linear ground state.'>'8 McCurdy
and McKoy'"" from an SCF equations of motion calculation assign two of these triplet states to peaks
seen in the electron impact spectrum.'® The early configuration-interaction calculation of Winter et
al.” indicate that two of the triplet states may be bound with respect to the OCP) + CO('Z*) limit,
and have an equilibrium geometry of about 120°and bond lengths slightly longer than the ground
state. England et al."'® explored the ordering of the triplet states near the CO, ground state linear

geometry. Kelley and Thommarson® constructed a single “effective” potential surface for OCP) +
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CO('TH collisions based on experimental measurements of the barrier height, and a well depth and
geomefry suggested by earlier ab-initio calculations. By adjusting the potential surface and carrying
out classical trajectory calculations, they were able to reproduce the experimental data over a range
of temperatures. Because of the approximate nature of their surface, however, it is not clear whether
the correct dynamics have been captured in these calculations. Overall, the behavior of the triplet
states in geometries leading to dissociation to CO('") + OCP) seems to be unexplored and it is these
geometries which are important to vibrational relaxation, exchange, and excitation at energies from

threshold up to about 5 eV.

To get a unified picture of OCP)+CO('L") collisions, we have computed the potential energy
surfaces of the three low-lying triplet states of CO, which lead to these products, 3A’, 1’A”, and
2°A”, at all geometries up to 5 eV above threshold. Our calculations were done using a complete-
active-space-self-consistent field plus second-order perturbation theory (CASSCF-MP2) level of
electron correlation with a modest G631-+d basis set. We find that the *A” state is bound and has a
well depth of 0.9 eV and barrier height of 0.2 eV with respect to the dissociation limit OC’P) +
CO('T"), and the 1°A”’ state is also bound with a well depth of 0.2 eV and a barrier height of 0.3 €V.
The third triplet state leading to OCP) + CO('E"), 2°A”, is mostly repulsive, and has a saddle in C,y,
geometries. We have fit the computed points for each of these surfaces to a functional form and
performed classical trajectory calculations to compute vibrational relaxation and isotopic exchange
rates and vibrational excitation cross sections over a range of conditions. The results agree well with
measurements except at low temperatures. We find that the reaction dynamics are dominated by
those collisions where the colliding atomic oxygen passes over the barrier and through the wells of
the 3A” and 13A”’ states and interacts with the inner repulsive wall of the carbon end of the COat
OCO angles between 80° and 140°. This mechanism usually leads to excitation of high vibrational
and rotational levels. At high collision energies, this leads to a distinctive infrared radiative
“handhead” signature of the nascent CO products. We also note that both reactive (exchange of
oxygen atoms) and non-reactive mechanisms can lead to translational-to-rovibrational energy
transfer. The importance of each of these mechanisms is different for each of the triplet states, with
the 3A” state favoring non-reactive exchange and the two 3A” states favoring reactive exchange as

a mode of energy transfer.




The paper will proceed as follows: Section II will describe the method of ab-initio calculations,
and present the major features of the surfaces. Section 111 will describe how the ab-initio surfaces
are fit to a functional form and present the results of this fit. In Section IV we will present results
of our calculations for vibrational relaxation, isotopic exchange and vibrational excitation and
compare these to available experimental measurements. In Section V we discuss the energy transfer

mechanism in more detail and in Section VI give conclusions.
II. ELECTRONIC STRUCTURE CALCULATIONS

As we are interested in accurately computing complete potential surfaces (including excited
states) for OC’P) + CO('Z") collisions, it is important to choose a method which is flexible and
accurate enough to describe potential wells, barriers, and dissociation to open shell fragments.
Quasidegenerate perturbation theory (QDPT) with multiconfiguration self-consistent-field (MCSCF)
reference functions developed by Nakano is a multi-state, multi-reference method which combines
the wide applicability of MCSCF methods with the efficiency of perturbation theory in capturing
the important contributions of the correlation energy.?' It has been shown to be comparable in
accuracy to multireference single and double excitation configuration interaction (CI) and full CI
treatments for some test cases at a computational savings. The calculations reported here use this
method as implemented in the GAMESS suite of programs which include perturbation theory
contributions through second order (CASSCF-MP2).2

A complete-active-space-self-consistent-field (CASSéF) wave function was constructed for the
lowest *A” state and the two lowest *A”” states of CO,. Table I shows the active space orbitals and
main configurations of the CASSCF wave functions which consisted of all possible excitations of
12 electrons among 10 orbitals, amounting to 10,374 configuration state functions (CSFs) for the
*A’ state and 10,416 CSFs for the two *A” states. These excitations included the valence bonding
and anti-bonding orbitals to insure a proper description of dissociation. For these calculations a
modest G631+d basis was used. The diffuse functions were included to describe any Rydberg-
valence mixing which is known to occur near linear geometries.'® For reference, the CASSCF and
MP2 energies of the ground state singlet of COz('Z;) and lowest >A’ and *A”’ states are shown in
Table II at the ground state experimental equilibrium geometry along with the results of Winter e?
al.” using a relatively small CI calculation. Table III shows the calculated vertical and adiabatic

excitation energies of the lowest A’ and >A”” states along with several other ab-initio results. The
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results agree particularly well with England et al.”® which have a comparable basis and level of

electron correlation.

The main features of the surfaces can be seen in Fig. 1, which shows results of the present
calculations for the ground singlet state of CO,, 'A”, the lowest *A” state and two lowest 3A”’ states
at geometries leading to dissociation. Here the OCO bond angle is 120°, one of the CO bond lengths
is fixed at 1.2 A, and the energy is shown as a function of the second CO length. As discussed
further below, there can only be three states, all triplets, which lead to OCP) + CO('T") and these
are the A, 1°A” and 2°A”" states. The A’ state has a well 0.9 eV below threshold and a barrier
about 0.2 eV above threshold. The 1°A” state has a shallower well of about 0.2 eV and a similar
barrier height as the >A” state. The 2°A”” state is mostly repulsive and has a saddle in C,, geometries.
(We note that Herzberg’s discussion of the lowest CO, triplet potential energy surfaces apparently
includes only this last mostly repulsive state and not the two others.” This ambiguity has probably
led to an underestimation of the O+CO collision cross section in a previous study.?) At its minimum
the ground singlet state is about 5.5 eV below the OC'P) + CO('T") threshold. It is interesting that
the ground singlet state ('A’) crosses these triplet states and leads to the higher dissociation limit of
O('D) + CO('Z"). There are four other singlet states leading to this limit. At linear geometries some
of these give rise to the rich UV photoabsorption spectrum. The next highest dissociation limit
which allows triplet states of CO, is the OCP)+CO(a’IT) limit which is about 6 eV above the
O(P)+CO('L") threshold. We would expect therefore that CO, triplet states leading to this higher

threshold do not play a significant role at the collision energies examined in this study.

By symmetry, there are three states which can lead to OCP) + CO('E"): *A’, 1’A”, and 2°A”’.
As we are mainly interested in geometries leading to dissociation and to simplify keeping track of
these states and other possible excited triplet states, all calculations were done in C, symmetry,
finding the lowest triplet A’ and two lowest triplet A’ roots. It is known from earlier work that in
D,, geometries many CO, triplet states either form degenerate pairs or come close in energy.'”"® But
according to these studies and the present work, this occurs at energies 3 to 5 eV above threshold,
and so we would expect other triplet states to play a minimal role in the chemistry of interest. In fact,
we have found that the second A’ state contributes to the dynamics only at energies above 3eV
above threshold, and the contribution is minor. Likewise, V\;e have found that the second excited *A’

state occurs high enough in energy that it too does not influence the dynamics. Therefore, we are
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confident that the lowest *A’ and two lowest *A’” state surfaces will be adequate to describe the

collision dynamics from threshold to 4 or 5 eV.

We have computed CASSCF-MP2 energies at about 320 unique points to determine the potential
energy surfaces of the lowest *A’ and two lowest >A”” states. These were computed at OCO bond
angles of 20°, 40°, 60°, 90°, 100°, 110°, 120°, 130°,150°, and 175°, and at bond lengths between 0.8
A and 5 A at increments ranging from 0.1 A to 0.3 A. These calculations were used to fit the
potential surfaces of each of these states which is described in the next section. Extra calculations
were done on a finer grid to determine properties near the minimum and barrier of the lowest *A’
and ’A”’ states. Table IV gives the calculated minimum and barrier geometries and the vibrational
frequencies of these states. Both these states have bent C,, minimum geometries, where they
become B, and ’A, states, respectively. The *A” state has a well depth of 0.94 eV and the *A”’ state
has a well depth of 0.22 eV which just supports one bound vibrational state. These results are
consistent with earlier calculations of Winter et al.'> About 30 additional points were computed with
one of the CO bond distances set to 5 A to find the ab-initio diatomic CO('T") potential within this

computational scheme.
III. POTENTIAL ENERGY SURFACE FITS

The CASSCF-MP2 energies for the lowest *A’ state and two lowest *A”’ states were globally
fit with the method of Aguado and Paniagua.” Here the potential energy function for the triatomic

CO, for each of the states is written as a sum of two-body and three body terms:

Voco =V Pco(R) +V P00 (R2) + VP co(R3) +V Poco (R, R2, R3). (1)

The monotonic terms here have been omitted because all reaction channels for OCP) + Co('z")
correlate with the atoms in their ground electronic states. The two body terms for CO and O, have

been determined from fits to the following polynomial potential form

@) et
13
Vig (Rp)= + 2. CiPas> (2)
R, i=1

where the polynomial variables p are given by,
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and /=2 for these two-body terms. This leaves the linear parameters c, i=0,1,...N and nonlinear
parameters o and f3 to be determined from fitting the diatomic fragment potentials. For the CO
diatomic fragments, we used the ab-initio points described in the previous section. With N=3 a non-
linear least squares method based on Ref. 26 yielded a fit of less than 0.001 eV root mean square
error obtained for points within 5 eV of CO('Z") equilibrium geometry. Overall, agreement with the
RKR curve for CO at these energies is excellent except for a slight shift in the CO equilibrium bond
distance from the experimentally determined equilibrium value of 1.128 A to the ab-initio value of
1.150 A. Since the ground state O,(Z,)+C(P) channel occurs about 6 eV above the OCP) + CO('Z")
threshold, we thought it adequate to use a fit to the experimentally determined RKR potential surface
of the O,(’Z,) fragment for the O, diatomic potential term with N=4. The two-body terms are listed
in Table V.

The three-body term, ¥, (R1,R2,R3), is a polynomial in p as in Eq. 3 above except with /=3,

M
V) (RL,R2,R3) =D .d;PeoPioPco- )

ik

There are constraints on the allowed values of i, and k in general and additional symmetry
constraints imposed by the AB, symmetry of this system. We used the same non-linear least squares
method to fit the three-body potential terms resulting from subtraction of the fitted two-body terms
discussed above from the total ab-initio energies for each of the surfaces. No explicit weighting was
used, but the density of ab-initio points was concentrated near the wells, barriers and along the
minimum reaction path of the two-lowest states. An initial fit with M=4 was found for each of the
states, and the value of M was increased. It was found that as the value of M increased beyond 6 or
7, unphysical oscillations and very deep wells would begin to occur in regions where there were
none or very few calculated ab-initio points. These regions were very high in energy (greater than
5 eV) and usually occurred at small OCO bond angles. Extremely good fits were obtained if bond
angles greater than 150° and less than 60" were excluded even with low M values. Including angles
greater than 150° and less than 60° required using larger values of M which often introduced the very
deep unphysical wells mentioned previously, or created a bad fit near in the “reaction path” region.
By estimating a few high energy points (>5 eV above threshold) at small bond angles which
“pinned” the potential, a compromise was reached where a root-mean-square error of less than 0.1

eV was obtained for the well and barrier regions, and generally a 0.2 eV error was achieved for the
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small and large angle high energy regions, with a value of M=6 for the A’ state and lowest *A”’
state and a value of M=5 for the second *A’’ state. Table VI shows the values of the three-body

linear and nonlinear parameters for these states of CO, obtained in this way.

For these fits, care was taken to assure that there were no spurious “holes” in the potential that
would affect our classical trajectory calculations below 5 eV. We do note however that a good fit
required that at very small OCO bond angles some deep wells do occur. But these are in regions
which are not allowed classically, and are isolated enough that they could be removed easily with

a small ad-hoc modification of the fit.

The potential energy surfaces for each of the three states at a number of fixed bond angles are
shown in Fig. 2. For the A’ and 1°A”’ state the bent well regions and barrier regions are clearly
evident. The 2°A” state is mostly repulsive, and has a saddle near 100°. Figure 3 shows polar
potential plots of these states for a fixed CO bond distance of 1.15 A, the ab-initio value of 1, for the
CO fragment. In these plots the carbon atom is located at the origin and one of the oxygen atoms
is at —1.15 A. The values of the contours correspond to energies of the different bond angles and
distances of the approaching oxygen atom during a collision. The angular dependence of the well
and barrier is clearly seen for the two lowest states. The wells appear at OCO angles of around 125°
for each of the >A” and lowest *A”” states and the barrier is lowest at slightly smaller angles. Even
the upper 2°A”’ favors these bent geometries. These features have implications for the collision

dynamics which will be discussed in the following sections.

IV. QUASI-CLASSICAL TRAJECTORY CALCULATIONS: COMPARISONS WITH
EXPERIMENTAL DATA

Using the three potential energy surfaces described in the previous section, quasi-classical
trajectory (QCT) vibrational relaxation and exchange rates and excitation cross sections for
O(CP)+CO('Z") collisions have been computed using standard Monte-Carlo techniques.” For these
calculations, each state was considered independently and its contribution to each process was
multiplied by the statistical weight of 1/3, due to electronic degeneracy. We feel that an independent
(non-interacting) treatment of the dynamics is justified since the calculated *A’ and lowest 3A”’
adiabatic states which dominate the collision dynamics below 5 eV cannot interact in C, geometries

(where most of the collision dynamics take place) by symmetry, nor can they interact in C,,




geometries where they become 3B, and *A, states, respectively. They can only possibly interact in
D, geometries which occur at higher energies. The 2°A”’ state can interact with the 1°A”” state, but
these states only come close at energies high above threshold, and at dissociation where they become
degenerate. For the vibrational relaxation calculations, the initial rotational and translational
distributions were chosen from a Boltzmann distribution at a specified temperature and the v=1 level
of CO was initially populated. The calculated exchange processes used initial translation, vibration,
and rotation populations from a Boltzmann distribution at a specified temperature and only the v=0
level of CO was initially populated. The excitation cross sections were calculated at a fixed collision
velocity from an initial CO population in v=0 and a rotational population from a Boltzmann
distribution at 300° K, meant to simulate a fast O atom molecular beam measurement. For the
relaxation and exchange calculations, 30,000 traj ectories per temperature per electronic state were

used. For the excitation calculations, 10,000 trajectories per energy per electronic state were used.

Figure 4 shows the calculated vibrational relaxation rates as a function of inverse temperature
along with the data of Center' from shock-tube measurements at high temperature, the data of
Lewittes ef al.? from low temperature measurements, and the classical trajectory results of Kelley
and Thommarson® using an empirically adjusted “effective” potential energy surface. The present
calculations were done at temperatures of 300°, 500°, 1000°, 2000°, and 4000°. There is good
agreement between the present results and the measurements at high temperatures, and about an
order of magnitude difference with the low temperature results of Lewittes et al.” More
measurements at intermediate temperatures may help clarify these differences. The results of Kelley
and Thomarrson? under-estimate the experimental results of Lewittes et al? as well, but tend to
over-estimate the high temperature rates. We note that the same surface of Kelley and Thomarrson
without the bending potential resulted in unphysically high rates, and that their final surface resulted
from estimating a bending potential to match the measured rates. It therefore seems unlikely'
between their results and the present ones that the low temperature measurements can result from
any fine adjustment of the triplet potential surfaces and probably arises from another mechanism.
It is possible that the enhanced rate at low temperature could be caused by interaction of the ground
singlet state of CO, (or other nearby singlet states) with the two lowest triplet states which can occur
through spin-orbit mixing. As shown in Fig. 1 these states cross in the barrier region. Quantum

effects not considered here may also contribute to the low temperature rate, although we expect
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these to be minor. We note that at very low temperatures the vibrational relaxation rate is dominated
by contributions from the *A’ state. At 4000°, the >A”’ contribution is about half that of the A’ state.
The contribution from the second *A”’ is negligible through this temperature range. Vibrational
relaxation can occur through reactive (exchange of O atom) and non-reactive collisions and each
contributes about equally to the rate. Figure 5 shows the calculated oxygen atom exchange rates as
a function of inverse temperature along with the experimental results of Jaffe and Klein’ and Garnett
etal.’ Agreement with experiment is good even at low temperature. This suggests that the present
approach gives the correct low-energy behavior for reactive O + CO collisions and contrasts with

the vibrational relaxation results.

Figure 6 shows calculated vibrational excitation cross sections for CO(v=0) as a function of
collision energy from 0.5 to 4 eV. Calculations were done at 0.5 eV, 1.0 eV, 2.0 V, 3.0 eV, and 4.0
eV. Collisions at these high energies are important in space applications, where at orbital altitudes
(greater than ~250 km) O(CP) is the dominant species. The dashed curve shows the calculated
v=0 v’=1 cross section. The solid curve shows the calculated weighted sum of cross sections:
o(v=0 1)*+20(v=0 2)+3c(v=0 3) + ... Also shown is the data point at 8 km/s (3.4V) from the fast
O(’P) measurements of Upschulte and Caledonia.'' These authors measured the infrared radiation
from vibrationally excited CO resulting from O+CO collisions but were not able to separate
contributions from individual vibrationally excited states of the CO product. By making an
approximation for the vibrationally excited state lifetimes, they converted the measured total
radiation to the weighted sum of vibrational excitation cross sections defined above. The theoretical
results are about an order of magnitude above the experimental measurement, which is surprising
since there was good agreement with the high temperature vibrational relaxation measurements. We
note, however, that the time versus intensity plots of excited state products in Ref. 11 show falloffs
much shorter than excited state lifetimes. We suspect, therefore, that vibrationally excited CO
molecules are colliding out of the field of view of the detector before they can radiate; and the

experimental measurement is actually a lower bound for this summed cross section.

Figure 7a shows the calculated infrared emission spectra of the nascent distribution of excited
CO at an O+CO collision energy of 3.4 V. The resolution is 5 cm™ and only quantum transitions
to the next lowest vibrational state are included. The labeled peaks are locations of band heads to

different final vibrational levels of CO. Very high vibrational excitation is evident. The band heads
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arise from excitation to high j (j=50-100) R branches of vibrationally excited CO and make a
distinctive spectral signature. Figure 7b shows the same calculated spectra but degraded in resolution
to match the data of Upschulte and Caledonia' which are also shown. The experimental spectra
were obtained at pressures which correspond to ~5 collision conditions in order to achieve good
signal to noise so a direct comparison is not possible. But the agreement suggests that the

calculations are at least qualitatively correct.
V. ENERGY TRANSFER MECHANISMS
A. CROSS SECTION COMPONENTS

In this section, the calculated cross sections are broken down into their constituent components
(reactive, non-reactive, electronic, vibrational and rotational) to investigate the mechanism for
translation to rovibrational energy transfer. Excitation cross sections are analyzed, but the general
trends carry over to exchange and vibrational relaxation as well. Figure 8 shows the Q+CO
excitation cross sections at different energies to final vibrational states of CO. Between 1 eV and
2 eV the excitation to higher vibrational levels begins to “hang-up” at a constant level, leading to
very high vibrational excitation. This suggests that perhaps for energies less than ~0.5 eV many
collisions do not reach the wells of the two lower triplet states, and that above ~0.5 eV access to this
inner region where energy exchange is efficient is more easily allowed. Figure 9 shows the
electronic components of the cross section to different final vibrational levels of CO at a collision
energy of 3eV. For vibrational excitation and vibrational energy transfer in generai, the *A’ and
lowest 3A”” state track each other, with the A’ state usually a factor of 2 greater in magnitude. The
two potential energy surfaces are similar, the main difference being the deeper well of the A’ state.
At these energies above the barrier the fact that their contributions are similar is not that surprising.
The second >A”” state is qualitatively different from the lower triplet states. It is mostly repulsive
with no bound well and contributes much less to the overall cross section. Vibrational excitation of

this >A”’ state falls off much faster than the other electronic states.

Translation to vibrational energy transfer can proceed with and without the exchange of oxygen
atoms. Figure 10 shows the ratio of reactive to non-reactive cross sections for excitation v=0 v’=1
of CO as a function of collision energy for each of the electronic states. For the two *A’’ states the

reactive channel is greater, while for the A’ state the nonreactive channel is greater. This is
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surprising because the major difference between the *A’ state and the *A”’ state is the well depth,
which should have little effect on the dynamics at these collision energies. As will be discussed later,
vibrational energy transfer appears to be dominated by collisions where the approaching oxygen
travels over the barrier and comes close to the target CO. We believe the preference for reactive
collisions accompanying vibrational energy transfer in the lower *A’* comes from the shape of the
repulsive wall inside the barrier. Part of this repulsive wall is shown for the A’ and *A”’ states in
Fig. 11, where the target CO molecule bond distance is fixed, and the oxygen atom approaches at
a fixed bond angle. The steepness (derivative) of the wall for each state is similar, but the repulsive
wall is displaced to smaller CO bond distances for the >A’ state, partly due to the presence of the
deeper and wider well. The placement of the repulsive wall of the >A”’ state corresponds closely
to the equilibrium geometry of the exchange product CO and it appears it is this feature which
makes the *A”’ surface more “reactive”. It is interesting to note also that the ratio of reactive to
nonreactive cross sections summed over all electronic states is close to 1 for the entire range of
collision energies. This is something that could be verified experimentally using O'* as a reactant,
which should yield similar results. In Fig. 12 the cross sections for excitation to different final
vibrational levels for each electronic state is broken down into reactive and non-reactive
components. For vibrational energy transfer, the preference for reactive collisions accompanying
excitation is generally true for the two *A’’ states, except for the first A’ state at very high
vibrational excitation, while the non-reactive channel is dominant for the A’ for all vibrational
levels. Vibrationally elastic collisions are all dominated by the non-reactive channel. When
translation-to-vibrational energy transfer does occur, therefore, it is usually accompanied by a high

degree of reactive exchange which suggests that the reactant oxygen atom must get close to the

target CO.

Figure 13 shows rotational energy distributions at 3 eV for excitation from v=0 to v’=0 and v’=1
including reactive and non-reactive channels summed over all three electronic states. For the v’=1
level the degree of rotational excitation becomes quite high (j~100) and accommodates all the
available collision energy. Population of these high-j states gives rise to the band-head signature of
the infrared spectrum shown earlier. Suprisal plots® of these distributions are also shown and
indicate a nearly statistical distribution of rotational states for excitation to v’=1, except for very low

j- The very low-j population may be a reflection of the fact that the maximum impact parameter in
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the classical trajectory calculations was chosen mostly on the basis of determining accurate v’>0
populations, and so may not be as accurate for vibrationally elastic collisions. The component

electronic, reactive, and non-reactive rotational distributions were similar.
B. REPRESENTATIVE CLASSICAL TRAJECTORIES

From examination of the trajectories it is clear that almost all collisions which lead to oxygen
atom exchange or vibrational energy transfer occur when the approaching oxygen atom passes over
the barrier at OCO angles between 80 and 140 degrees. This is true for all three electronic surfaces
so that these collisions occur mostly with the approaching oxygen interacting with the inner
repulsive wall at the carbon end perpendicular to the CO bond. This in part leads to efficient
population of high-j rotational and high-v vibrational states, and is similar to behavior seen ig fast
H atom collisions with CO.2* Figure 14 shows the point of closest approach of the colliding oxygen
atom which lead to non-reactive vibrational energy transfer for the A’ state for the process
O(P)+CO('T")(v=0 v’) at a collision energy of 3eV supefimposed on a polar plot of the potential
energy surface as in Figure 3. These points, drawn from a random set of trajectories, collect past the
barrier region in the inner wall of the potential surface. Also shown are the locations of the reacting
oxygen atom at the geometry of the “tightest collision complex” for reactive (oxygen atom
exchange) collisions which lead to vibrational energy transfer where the summed bond lengths
Feg oot Teo i @ minimum. All these locations also collect past the barrier, so that “reactive”
collisions seem, at least initially, to follow the same mechanism as non-reactive vibrational energy
transfer collisions. Examination of the reactive and non-reactive trajectories at 3 eV on the N
surface which lead to vibrational energy transfer show in most cases that these collisions happen
quickly, usually in less than a vibrational period. However, in a significant number of vibrational
energy transfer trajectories the approaching oxygen atom appears to become “caught” in the inner
well region for a duration of several vibrational periods. When this happens the OCO bond angle
will stay near ~90°-130°. At lower collision energies the number of these kind of trajectories

becomes more pronounced. Similar results hold for the other two potential energy surfaces.

VI. CONCLUSIONS

We have computed the potential energy surfaces of the three lowest triplets of CO, at the
CASSCF-MP2 level of theory with a modest G631+d basis and fit these global surfaces to a
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functional form. The lowest *A’ state has a well 0.9 eV deep and the lowest *A”’ state has a 0.2 eV
well with respect to the O('P)+CO('Z") dissociation threshold. Both are bent at their minima and
have a barrier about 0.3 eV above threshold. The second *A”’ state is mostly repulsive. Classical
trajectory calculations on these surfaces agree well with available vibrational relaxation and oxygen
atom exchange measurements of O(°P) + CO('Z") collisions except at low temperature. Calculated
cross sections at 3.4 eV collision energy for vibrational excitation of CO are about an order of
magnitude above the single measured data point for this process. Comparison of the emission
spectra of the nascent CO product distributions are in fair agreement, and show a high degree of
vibrational and rotational excitation. This population of high-j states accompanying reactive and
non-reactive vibrational excitation is nearly statistical, and is evident in the infrared “band-head”
signature of the CO products. Analysis of the trajectories show that almost all collisions which lead
to oxygen atom exchange or vibrational energy transfer occur when the approaching oxygen atom
passes over the barrier and through the wells of the lowest two triplets at OCO angles between 80°
and 140°, leading to collisions where the oxygen interacts with the inner repulsive wall of the carbon
end of the CO bond. Usually the oxygen atom initially stays in the inner well region less than a

vibrational period, but in a number of trajectories the approaching oxygen atom remains for many

vibrational periods.
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Table I. Orbital space and main configurations for CASSCF wave functions of CO, for the ground

state('Z,"), lowest *A’ state and two lowest *A’” states. Orbitals not shown are considered core

orbitals and are all doubly occupied: [core]=16,’16,726,736,20,2

orbital | 6 7 8 9 10 11 12 13 14 15
C, a’ a”’ a’ a’ a”’ a’ a’ a”’ a’ a’
Cyy 4a, 1b, 5a, 3b, la, 4b, 6a, 2b, 5b, 7a,
D,, 4o, Im, Im, 3G, I, Im, 2r, 2m, 4c, 5o,
N
(')
2 2 2 2 2 2 0 0 0 0
JA’
2 2 2 2 2 1 1 0 0 0
IPA”
2 2 2 2 1 2 1 0 0 0
2’A”
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Table 11. Electronic energies in a.u. at the equilibrium geometry of the ground state r,=r,=1.16 A,

9=180°, for the ground singlet state and the two lowest triplet states of CO..

IA,(lZg+) 3A7 3An
present work CASSCF -187.809605 -187.482789 -187.459231
MP2 -188.108205 -187.805379 -187.783404
Winter et al. Ref. | CI -187.6868 -187.4167 -187.3990

12

Table IIL. Vertical (T,) and adiabatic (T,) excitation energies in eV for the two lowest triplet states

of CO,. Main entries are computed with respect to the calculated energy of the ground state singlet

determined at the experimental equilibrium geometry. Entries in parenthesis are with respect to the

calculated CASSCF-MP2 OCP)+CO('ZT") dissociation limit of —187.919703 a.u. at reo=1.15 A.

TV TV Te Te
3A7 3A7 3An 3An
present results | CASSCF- 8.23 (8.68) 8.84 (9.28) 4.19 (4.63) 491 (5.35)
MP2
England et al. | MC-CI 8.65 8.86
Ref. 13
England et al. | SCF 8.10 8.70
Ref. 15
Winter et al. | Cl 7.35 7.83 3.7 4.1
Ref. 12
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McCurdy and | SCF-EOM
McKoy Ref.
17

7.35

8.06

Table IV. Properties of the calculated *A” and 1’A”” states of CO,. Well depths and barrier heights

are with respect to the calculated O('P)+CO('Z") dissociation limit. For both states the well is a

minimum at C,, geometries where r,=r,, and the barrier occurs at C, geometries.

‘A’ (B "A”(CA,)
potential well
r, 1.26 A 1.27 A
0. 118’ 127°
D, 0.94 eV 0.22eV
o, 1,110 cm™ 880 cm™
©, 540 cm™ 580 cm
o, 1,310 cm™ 1,040 cm™
barrier
T, 116 A 1.16 A
I, 20A 1.85 A
0 112 122"
barrier height 02eVv 0.3eV

Table V. Two body terms of the *A”, 1°A’, and 2°A”’ potential energy surfaces. All coefficients are

in a.u.

Two body terms V@
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1 C;

0 8.6610 (02)
I 22,0892 (01)
2 45109 (01)
3 21,0380 (03)
oo 4.5276 (00)
B¥co 1.4939 (00)
Two-body term V&

1

0 6.9872 (03)
] 77,0287 (-02)
2 13604 (01)
3 753808 (03)
3 33658 (04)
g 7.5246 (00)
R 1.7299 (00)

Table VL. Three body terms, V@, for the *A’, 1’A”, and 2°A” states of CO,. All coefficients are
in a.u. and d,=d,;. For the *A’ and 1°A”" states M=6. For the 23A’’ state, M=5.

A PA” PA”
ijk dy dy dije
101 1.4053 (03) 1.3349 (03) 1.6349 (03)
110 7.6464 (02) -1.7795 (02) 4.6540 (03)
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111 -1.1766 (04) 75.0575 (04) -3.9843 (04)
120 -1.0466 (04) 2.5297 (04) 2.8737 (04)
201 5.6554 (03) 1.0890 (04) ~8.5622 (03)
210 -5.4682 (03) 1.0033 (04) -9.9447 (04)
121 -2.1786 (05) 3.8667 (05) 2.9063 (06)
130 -3.5576 (05) -4.9268 (05) “1.0182 (06)
202 -5.3779 (03) 1.7707 (04) 3.2658 (05)
211 1.8977 (05) 5.0046 (05) ~4.3917 (05)
220 1.2656 (06) 1.6742 (05) 1.7240 (05)
301 222387 (05) 233737 (05) -4.3390 (04)
310 -4.4344 (05) -2.6466 (05) 8.4421 (05)
131 11119 (07) -1.9318 (07) 1.0485 (07)
140 7.1464 (06) 5.2120 (06) 2.5250 (06)
212 1.7678 (06) -3.7008 (06) 1.8701 (06)
221 8.3056 (06) 5.5557 (06) “1.1770 (07)
230 ~7.8189 (06) 2.3123 (06) “3.3247 (06)
302 7.9979 (05) 73305 (05) ~7.3965 (05)
311 -6.1924 (06) -3.5841 (06) 2.7844 (06)
320 ~7.7974 (06) -3.5995 (06) 1.6942 (06)
401 1.3605 (06) 1.8954 (06) 2.2822 (05)
410 5.4670 (06) 2.6969 (06) -2.6931 (06)
141 1.9547 (08) 1.5121 (08) -

150 -3.4461 (07) 22251 (07) -
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222 1.4282 (08) 1.0803 (08) -
231 -1.4167 (08) -7.5232 (07) -
240 -1.5899 (07) -1.8487 (07) -
303 1.3291 (07) 1.3066 (07) -
312 -3.9782 (07) -2.0204 (07) -
321 -7.7294 (06) -8.8936 (06) -
330 7.1772 (07) 1.6252 (07) -
402 -6.9109 (06) -7.6809 (06) -
411 3.4405 (07) 1.4213 (07) -
420 -2.8667 (06) 6.7455 (06) -
501 -2.6114 (06) -2.4987 (06) -
510 -1.6251 (07) -8.5835 (06) -
B 1.92 (00) 1.92 (00) 1.89
B0 1.98 (00) 1.98 (00) 236
Figures

Figure 1. Calculated potential energy curves of the ground singlet state of CO, (‘A”), and the three
lowest triplet states, *A’, 1’°A”’, and 2’°A”’, at an OCO angle of 120° and where one of the CO bond
distances of 1.2 A is fixed and the other is varied. The curves show these states at C; geometries to

their O+CO dissociation limits, as a function of r¢,.

Figure 2a. Contour plot of the fitted potential for the 3A’ state. Each panel is for a fixed OCO bond
angle at 20°, 40°, 60°, 80°, 100°, 120°, 140°, 160°, 180°, starting at the left top panel. The two axes
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are for each of the two r, bond lengths in A. Contour values are at -0.75 €V, -0.25 eV, 0.25 eV,
0.75eV, 1.25eV, 1.75eV,2.25eV,2.75eV, 3.25eV, and 3.75 eV.

Figure 2b. Same as Fig la. except for the 1°A”’ state.

Figure 2c. Same as Fig 1a except for the 2°A”’ state.

Figure 3a. Polar plot of the fitted potential for the *A’ state. The carbon is at the origin and one of
the oxygen atoms is fixed at -1.15 A. The contours show the potential as a function of the position
of the second oxygen atom. The axes are in A. Contour values are at -0.75 eV, -0.25 eV,0.25eV,

0.75eV, 1.25eV, 1.75eV,2.25eV,2.75 eV, 3.25 eV, and 3.75 eV.
Figure 3b. Same as Fig 2a except for the 1°A”’ state.

Figure 3c. Same as Fig 2a except for the 2°A”’ state.

Figure 4. Vibrational relaxation rate for the process OCP)+CO('Z")(v=1—v’=0) as a function of
inverse temperature. — present results; p data of Center, Ref. 1; data of Lewittes ef al., Ref. 2: ---

theoretical results of Kelley and Thommarson, Ref. 20.

Figure 5. Oxygen atom exchange rate for the process "O(CP)+C'°0('T")->"*0+C"*O('L") as a
function of inverse temperature. — present results; ¢ data of Garnett ez al., Ref. 6, O data of Jaffe

and Klein, Ref. 7.

Figure 6. Vibrational excitation cross sections for the process OCP)+CO('Z*)(v=0—v") as a function
of collision energy. — present results for the summed cross section
6(0—>1)+20(0—>2)+35(0—-3)+...; --- present results for the cross section o(0—1); 0 data of

Upschulte and Caledonia, Ref. 11.
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Figure 7a. Theoretical emission spectra from the nascent distribution of CO for the process
O(CP)+CO('ZH(v=0—v") at 3.4 eV (8 km/s) collision energy at 5 cm™' resolution. Labels show

locations of v’ band heads of the excited CO.

Figure 7b. The same as 7a; — present results degraded to 70 cm™; --- , data of Upschulte and

Caledonia, Ref. 11. Both results are normalized to be 1.0 at their maxima.

Figure 8. Theoretical cross sections for the process OCP)+CO('Z")(v=0—v") at collision energies

of 0.5eV,1.0eV,2.0eV,3.0eV,and 4.0 eV.

Figure 9. Theoretical cross sections for the process OCP)+CO('Z")(v=0-v") at a collision energy

of 3 eV broken down into contributions from each final electronic state.

Figure 10. Ratios of reactive to non-reactive cross sections for the process

OCP)+CO('ZH)(v=0—v’=1) for each final electronic state as a function of collision energy.

g

Figure 11. Slices of the fitted potential energy curves near the barrier region for the *A’ state and
1’°A”’ states of CO,. The OCO bond angle is fixed at 100°, and one of the r.,, bond distances is fixed
at the calculated equilibrium value of CO at 1.15 A.

Figure 12a. Reactive (solid line) and nonreactive (dashed line) cross sections for the process

OCP)+CO('T")(v=0—v’) at a collision energy of 3 eV. Contribution from the A’ state.
Figure 12b. Same as Fig. 12a except for the 1°A’” state.

Figure 12c. Same as Fig. 12a except for the 2°A”’ state.

Figure 13a. Theoretical rotational cross sections for the process OCP)+CO('Z")(v=0—-v’=0,1) at a

collision energy of 3 eV.
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Figure 13b. Surprisal plots of the rotational distributions shown in Fig. 13a. 0 v’=0, p v’=1.

Figure 14. Polar plot of the *A’ potential energy surface as in Fig 3a with positions of the
approaching O(’P) superimposed at point of closest approach for the process
O(CP)+CO('Z")(v=0—v’) at a collision energy of 3eV drawn from a random distribution of
trajectories where v’>0: O, position of O(’P) when it is closest to the center of mass of the target CO
for non-reactive collisions; x, position of OCP) when the sum of bond lengths r+roo+ are at a

minimum for reactive collisions.
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